Abstract. Excess phosphorus (P) is one of the major problems causing algae blooms and disturbing natural equilibrium in the Lake
Introduction
Portable soil sensors are required in order to obtain the soil information on-site for current and future use. Portable sensors would reduce the cost and labor required for soil analysis in comparison with existing means: chemical analysis and analytical measurement.
Also portable soil sensors would give a scientist an opportunity to:
1. Understand spatial and temporal changes on site 2. Diagnose environmental or crop production management problems 3. Find possible solutions in the field 4. Manage and restore soil, field, and farm accordingly. Bogrekci and Lee (2004) investigated possibilities of the measurement of P with diffuse reflectance spectroscopy in the ultraviolet (UV), visible (VIS), and near infrared (NIR) regions and found that diffuse reflectance spectroscopy in UV-VIS-NIR produced an approximately 17% prediction error using a prediction model with partial least squares. Soil reflectance measurements have been used to predict different soil properties: P and potassium (K) for different soil orders (Lee et al., 2003) , soil moisture and organic matter (Varvel et al., 1999, and Hummel et al., 2001) , and soil mineral N (Ehsani et al., 1999) .
Previous studies about sensing P concentration using UV, VIS, and NIR spectroscopy looked at the combination and overtones of fundamental absorbance bands in the infrared (IR) region. Therefore, intensity of absorbance for overtones and combination bands in the UV, VIS, and NIR regions is smaller than that in the IR region. Phosphates are Raman active. Thus, this study focused on designing a portable sensing system to be used in the field for measuring soil P using Raman spectroscopy.
Material and Methods
Conceptual design of a portable Raman P sensor is described in figure 1. Laser beam is produced at 785 nm. A laser beam illuminates eight grams of soil sample in the sample compartment through fiber optic cable and Raman probe. Reflected light beam is collected through Raman probe and fiber optic cable by a spectrometer. The spectrometer measures the Raman spectrum in the wavenumber range of 340 and 3640 cm -1 . The Raman spectrum is digitized and the data is sent to a computer through a USB-2 port. A P prediction program written in Visual C++ is used to calculate P concentration of the unknown soil sample using a previously developed prediction model. The portable Raman P sensor consists of the following components: three +12V DC batteries, three power supply regulator circuitries, three switches, a fan, a spectrometer, a laser source, a computer, a Raman probe, and a sample compartment. The power supply circuits provided a 5 V output with 2 A and 4 A, and a 16 V output with 3 A. The switches were used for power I/O control. The fan was used for circulating air in the box and keeping the temperature constant. A laser source at 785 nm with a typical FWHM (full width at half maximum) of 0.2 nm was coupled with a Raman probe of 1 m length. Light reflected from soil surface was measured using a TE cooled spectrometer with a spectral range in 340-3640 cm -1
. The picture of the designed prototype Raman P sensor is illustrated in figure 2. Soil samples from five different fields in the Lake Okeechobee drainage basins were dried at 104°C for 24 h and ground & sieved with a 600 µm sieve. A dark current was measured to determine existing electronic noise in the sensing system. Then, a Raman spectrum of the soil sample was measured and the dark measurement was subtracted in order to obtain the spectra related to the soil sample itself. A total of 60 soil samples with phosphates concentration ranging from 1-2700 mg/kg were used.
The samples were divided into two as calibration and validation sets. A partial least squares (PLS) analysis (Proc PLS, SAS/STAT, SAS Inc.) and multiple linear regression analysis with stepwise (SMLR) and maximum R-square (MaxRsquare) methods (Proc REG, SAS/STAT, SAS Inc.) were used to determine the relationship between Raman spectra and P concentrations of soils.
Results and Discussion
Partial least squares prediction results with five factors in the validation data set for actual and predicted P concentration for the dry soil samples are presented in figure 3 . Predictions by PLS produced R 2 of 0.98 with root mean square error (RMSE) of 151 mg/kg. Actual P concentration, mg/kg Predicted P concentration, mg/kg Figure 5 . Actual and predicted P concentration for the dry soil samples using MLR with maximum R square method in the validation data set.
Conclusion
A portable Raman P sensor was designed to obtain significant P absorption band in soils and to determine P concentrations. Initial laboratory tests were conducted to evaluate the performance of the sensor system. Measured Raman spectra and P concentration of soils were analyzed using PLS and MLR with stepwise and maximum R-square methods. PLS results produced the highest R 2 of 0.98 and the lowest root mean square error (RMSE) of 151 mg/kg.
